Introduction {#s1}
============

For many years, research has focused on labyrinth, brainstem and cerebellum structures to elucidate the neural correlates of vestibular functions. However, since the vestibular system is highly convergent and multimodal from the second-order sensory neuron, spatial orientation and perception of movement require processing of vestibular information also at the cortical level in association with visual, somato-sensory and motor systems and comparatively little is known about cortical representation of the vestibular system [@pone.0057596-Angelaki1].

Animal experiments have shown that there is no primary vestibular cortex that receives projections exclusively from vestibular afferents [@pone.0057596-Grusser1], [@pone.0057596-Grusser2]. Instead, several multimodal sensory areas have been identified that integrate vestibular, visual and somato-sensory signals. In humans, these areas have been partly confirmed by intraoperative cortical stimulation, clinical studies in patients with acute cortical lesions and functional imaging including blood flow measurements with single photon emission computed tomography (SPECT) [@pone.0057596-Vallar1]--[@pone.0057596-Takeda1], functional magnetic resonance imaging (fMRI) [@pone.0057596-Bense1], [@pone.0057596-Suzuki1] and positron emission tomography (PET) [@pone.0057596-Wenzel1], [@pone.0057596-Bottini1]. These latter studies aimed to identify a network of cortical areas activated during vestibular stimulation via either caloric or galvanic stimuli.

Subsequent investigations analysed the effect of a peripheral vestibular lesion on cerebral cortex processing of vestibular stimuli and reported metabolic changes in vestibular cortex during acute vestibular neuritis (VN) using \[^18^F\]fluorodeoxyglucose positron emission tomography (FDG-PET) [@pone.0057596-Bense2]--[@pone.0057596-Dieterich2] as well as structural changes at the cortical and cerebellar level using voxel-based morphometry [@pone.0057596-Helmchen1].

Although a recent review of the structural and functional literature together with evidence from neurologic patients suggested that is at present difficult to conclude whether there is a human homologue of monkeys' Parieto-Insular-Vestibular-Cortex (PIVC) and whether this may fall into posterior insula, inferior parietal lobule, superior temporal gyrus or at the junction between these regions [@pone.0057596-Lopez1], a recent meta-analysis on available functional literature using activation likelihood estimation to locate cortical neural regions associated to vestibular processing suggested that right hemispheric parietal opercular area may be considered as the human homologue of non-human primates PIVC [@pone.0057596-zuEulenburg1].

VN, a disease that we have already studied and described in previous papers [@pone.0057596-Alessandrini1], [@pone.0057596-Alessandrini2], is a purely peripheral lesion of the vestibular system. It constitutes an ideal "experimental model" of a partial vestibular de-afferentation, useful for observing the effect of vestibular de-afferentation on the cerebral cortex during the acute phase. VN is defined as a sudden, usually partial, unilateral failure of the peripheral vestibular organ without hearing impairment and no signs of brainstem dysfunction. It is the second most common cause of vertigo, it tends to occur most frequently in 40--50 years old, affects both sexes and all ethnic groups and is often associated with recent or concurrent upper respiratory infections but its pathogenesis is unknown [@pone.0057596-Strupp1]. Characteristic signs and symptoms of VN include a sudden onset of severe rotational vertigo associated with spontaneous nystagmus, nausea, vomiting, emotional disturbances, postural instability and no other neurologic or cochlear symptoms and findings [@pone.0057596-Strupp1]--[@pone.0057596-Tschan1]. As known, this symptomatology is very severe in the first few days due to a sudden loss of environment landmarks with a great emotional impact. It has been shown that 6 days after VN symptoms onset the regional cerebral glucose metabolism (rCGM) is significantly increased in multisensory vestibular cortical and subcortical areas (parietoinsular vestibular cortex in the posterior insula, posterolateral thalamus, anterior cingulate gyrus \[Brodmann area 32/24\], pontomesencephalic brainstem, hippocampus) and that there is a simultaneous significant rCGM decrease in visual (Brodmann area 17 to 19) and somatosensory cortices in the postcentral gyrus as well as in parts of the auditory cortex (transverse temporal gyrus) [@pone.0057596-Bense2]. Furthermore, a voxel-based structural morphometry study confirmed that the response to VN is reflected in a change in the vestibular system that shows a white matter increase in the commissural fibers (probably as a direct consequence of an increased internuclei vestibular crosstalk of the medial vestibular nuclei), in the somatosensory system due to an elevated processing of proprioceptive information in the right gracile nucleus (possibly to regain postural stability), and a selective bilateral structural increase in the area of MT/V5 in VN patients with a residual peripheral vestibular hypofunction (a possible result of an increased importance of visual motion processing) [@pone.0057596-zuEulenburg2].

By using FDG-PET the present study aimed at detecting even faster and phasic cortical metabolic changes during the first two days from the onset of symptoms in VN patients. Measuring the earliest metabolic change associated to altered vestibular inflow seems particularly important as it is known that the metabolism of the cortex may rapidly adapt to the new uncontrolled peripheral inflow, leaving no clear sign of altered neural response. We compared this early pattern of metabolic activity with patients' cortical activity one month after symptoms onset and with a control group. The arbitrary choice to test patients one month after symptoms onset was based on the idea to provide a description of earlier metabolic effects than those already available in literature.

Furthermore, in order to be able to get a clinical, cognitive and functional description of patients' state, a number of subjective measures concerning 1) balance symptoms [@pone.0057596-GomezAlvarez1], 2) anxiety symphtoms [@pone.0057596-Zung1] and 3) depersonalization/derealization dimensions in clinically anxiety states [@pone.0057596-Cox1], were collected from the patients.

Subjects and Methods {#s2}
====================

Ethics Statement {#s2a}
----------------

The Ethics Committee of the Tor Vergata University School of Medicine approved the protocol research "Cerebral metabolism changes, in patients affected by acute vestibular failure compared with normal subjects, using \[^18^F\]fluorodeoxyglucose positron emission tomography". The study adhered to the principles of the Declaration of Helsinki and all of the participants provided written informed consent after receiving a detailed explanation of the study.

Diagnosis {#s2b}
---------

Thorough neurological and neurootological examination was performed and VN was diagnosed according to the generally accepted criteria: (1) sudden onset of vertigo and neurovegetative symptoms; (2) static and dynamic ataxia; (3) spontaneous, one-way and persistent nystagmus with slow phase toward the affected ear detected by means of binocular electrooculography analysis; absence of (4) cochlear and (5) associated neurological symptoms or signs [@pone.0057596-Strupp1], [@pone.0057596-Cooper1]. T2-weighted and/or diffusion-weighted magnetic resonance imaging (MRI) sequences of the brainstem were acquired with a 1.5 T clinical MRI scanner to exclude the possibility that pseudoneuritis affected the vestibular nucleus or vestibular afferents within the brainstem.

Patients and PET/CT Examination {#s2c}
-------------------------------

Eight right handed patients (five females; three males; mean age 48±7 years) presenting with the first and sole episode of VN, right-sided, underwent a FDG-PET brain scan using 3D-mode standard technique during the acute phase of VN (48 hours ±6 hours). After the first brain PET/CT scan (PET0), all the patients underwent a second PET/CT scan 1 month (±2 days) later (PET1). Thirty healthy volunteers (sixteen women and fourteen men, mean age 49.5±12 years) undergoing FDG PET and found to be completely negative for various diseases served as controls (CG) [@pone.0057596-Cistaro1]. Exclusion criteria were presence of major systemic illness, major vision disturbances, psychiatric illnesses, epilepsy, head trauma, Parkinsonism, previous stroke or TIA, presence of brain masses as well as the current use of benzodiazepines and tricyclic antidepressants.

PET Scanning {#s2d}
------------

The PET/CT system Discovery ST16 (GE Medical Systems, TN, USA) was used for the whole population in exam. This system combines a high-speed ultra 16-detector-row (912 detectors per row) CT unit and a PET scanner with 10080 bismuth germanate (BGO) crystals in 24 rings with a 128×128 matrix. Crystal size 6, 2×6, 2×30 mm, coincidence window 11,7 nsec, system sensitivity 9,3 cps/kBq in 3D mode, dispersion fraction 44%, maximum count rate in cps at 50% dead time 63 kcps @ 12 kBq/mL (3-D), axial FWHM 1 cm radius 5,2 mm in 3D mode, axial FOV 157 mm.

All patients fasted for at least 5 h before F18-FDG i.v. injection; serum glucose level was normal in all of them. Patients were injected with 3 MBq/Kg (210--350 MBq) of ^18^F-FDG i.v. and hydrated (500 ml of i.v. saline sodium chloride (NaCl) 0.9%) to reduce pooling of the radiotracer in the kidneys while laying down in a noiseless and semi-darkened room with their eyes open and without any artificial stimulation.

Patients and controls with diabetes, neurological and psychiatric disorders, history of oncologic disease, HIV, epilepsy and surgery, radiation or trauma to the brain were excluded from the study. All subjects were negative for cochlear, vestibular, or central nervous system disorders. Except for the antiemetic drug ondansetron, given intravenously at a dosage of 8 mg/die for the first three days from the onset of acute symptoms, patients were not taking any medications. Moreover, we excluded from our study all the patients in treatment with drugs that could interfere with ^18^F-FDG uptake and distribution in the brain [@pone.0057596-Varrone1]. No patients were pregnant or breastfeeding.

Statistical Analysis {#s2e}
--------------------

Differences in brain ^18^F-FDG uptake were analyzed using statistical parametric mapping (SPM2, Wellcome Department of Cognitive Neurology, London, UK) implemented in Matlab 6.5 (Mathworks, Natick, Massachusset, USA). PET data were subjected to affine and non-linear spatial normalization into the MNI space. The spatially normalized set of images were then smoothed with a 12 mm isotropic Gaussian filter to blur individual variations in gyral anatomy and to increase the signal-to-noise ratio. Images were globally normalized using proportional scaling to remove confounding effects to global cerebral glucose metabolism changes, with a threshold masking of 0.8. The resulting statistical parametric maps, SPM{t}, were transformed into normal distribution (SPM{z}) unit. Correction of SPM coordinates to match the Talairach coordinates was achieved by the subroutine implemented by Matthew Brett (<http://www.mrc-cbu.cam.ac.uk/Imaging>). Brodmann areas (BAs) were then identified at a range of 0 to 3 mm from the corrected Talairach coordinates of the SPM output isocentres, after importing them by Talairach client (<http://www.talairach.org/index.html>). Thresholds equal or lower than p\<0.001 corrected at cluster level were accepted as significant. Only those clusters containing more than 125 (5×5×5 voxels, i.e. 11×11×11 mm) contiguous voxels were accepted as significant, based on the calculation of the partial volume effect resulting from the spatial resolution of the PET camera (about the double of FWHM).

The following voxel-based comparisons were assessed: (1) PET0 *vs* PET1 and viceversa; (2) CG *vs* PET0 and *viceversa* (3) CG vs PET1 and *viceversa*. The PET0 *vs* PET1 comparison was performed using a 'two conditions: one scan/condition, paired t-test' design model. The CG *vs* PET0/PET1 comparisons were performed by means of the 'compare populations: 1 scan/subject (Ancova)' option. In this latter comparison age and sex were used as covariates in the SPM analyses.

Validated Questionnaires {#s2f}
------------------------

Patients' subjective responses to the following questionnaires were collected at PET0 and PET1:

1.  A standardized questionnaire of balance symptoms that includes nine items to report each of the balance symptoms, with no/yes answers. A "no" response is scored 0 points and a "yes" response is scored 1 point except for vertigo, which is scored 2 points; frequent falls are considered when occurring at least once per month and frequent stumbles when occurring at least once per week. The total score is calculated by adding-up all the points (range 0--10). The authors suggested that a score higher than 3 points could be related to balance disorders [@pone.0057596-GomezAlvarez1];

2.  The Zung Instrument for Anxiety Disorders, a 20- item scale with some of the items keyed positively and some negatively on a four-point scale ranging from 1 =  none or a little of the time to 4 =  most or all of the time. The final score range from 20--80, a score between 20 and 44 is considered in the normality range, 45--59 is mild to moderate anxiety, 60--74 is severe, and 75--80 is very severe [@pone.0057596-Zung1];

3.  The 28-item depersonalization/derealization inventory (DD) by Cox and Swinson (2002), which is a tool designed to assess symptoms of depersonalization/derealization in clinically anxiety states, more than in a dissociative disorders context. Severity of each item is coded on a scale where 0 =  does not occur, 1 =  mild, 2 =  moderate, 3 =  severe and 4 =  very severe. The total score is calculated by adding all the points (range 0--112). The higher scores are related to a higher frequency and/or severity of DD symptoms. No cutoff score has been suggested [@pone.0057596-Cox1].

To evaluate the correlations between brain metabolism and subjective variables, the clusters of voxels found to be significantly different at PET0-- PET1 and PET1-- PET0 comparisons (see [Table 1](#pone-0057596-t001){ref-type="table"}) were segmented and the semi-quantitative raw data values in each of them were individually normalized to the relative FDG uptake in the cerebellum. All values were then transformed into z-scores and submitted to statistical analyses seeking for correlations with DD, Balance and Anxiety -- total scores. The correlation analyses have been performed considering the values at PET0 and PET1 (as well as the relative tests scores) as a continuum.

10.1371/journal.pone.0057596.t001

###### Numerical results of SPM comparisons between ^18^F-FDG uptake in PET0 (n = 8) and PET1 (n = 8).

![](pone.0057596.t001){#pone-0057596-t001-1}

  Comparison         Cluster level   Voxel level                                                       
  ----------------- --------------- ------------- --- ------ -------------- -------------------------- ----
  **PET0-- PET1**         727           0.000      R   3.26     18,1,−19              Uncus             34
                                                   R   3.19    24,6, −32     Superior Temporal Gyrus    38
                                                   R   2.97    30,18, −24     Inferior Frontal Gyrus    47
                                                   R   2.96   20, −13, −20    Parahippocampal Gyrus     28
                          364           0.000      R   2.85    10,7, −17        Subcallosal Gyrus       25
                                                   R   2.64    10,13, −19          Rectal Gyrus         11
  **PET1-- PET0**        8143           0.000      L   3.27    −4, −64,49           Precuneus           7
                                                   L   3.17   −46, −46,48    Inferior Parietal Lobule   40
                                                   R   3.11    2, −90,17              Cuneus            18
                                                   L   3.10    −2, −45,63       Paracentral Lobule      5
                                                   R   3.03    4, −42,57        Paracentral Lobule      5
                                                   L   3.03    −2, −97,3              Cuneus            18
                                                   R   3.03    22, −50,47           Precuneus           7
                                                   R   3.02    8, −92,27              Cuneus            19
                                                   L   2.97     0, −97,0              Cuneus            17

A value of p≤0.001, corrected for multiple comparison at cluster level, was accepted as statistically significant. In the 'cluster level' section on left, the number of voxels, the corrected p value of significance and the cortical region where the voxel is found, are all reported for each significant cluster. In the 'voxel level' section, all of the coordinates of the correlation sites (with the Z-score of the maximum correlation point), the corresponding cortical region and BA are reported for each significant cluster. L, left; R, right; BA, Brodmann's area. In the case that the maximum correlation is achieved outside the grey matter, the nearest grey matter (within a range of 3×mm) is indicated with the corresponding BA.

Results {#s3}
=======

PET {#s3a}
---

A significantly higher glucose metabolism in right parahippocampal (BAs 34, 28) ([Figure 1](#pone-0057596-g001){ref-type="fig"}), right orbitofrontal (BAs 47, 11), right subcallosal (BA 25) cortex and right superior temporal gyrus (BA 38) ([Figure 2](#pone-0057596-g002){ref-type="fig"}) was found at PET0 as compared to PET1 ([Table 1](#pone-0057596-t001){ref-type="table"}).

![T1 MRI superimposition showing the cluster of voxels in the right parahippocampal gyrus (BAs 34 and 28) in which 18F-FDG uptake was significantly higher at PET0 (n = 8) as compared to PET1 (n = 8) (on the left sagittal and on the right coronal projections).\
Coordinates and regional details are presented in [Table 1](#pone-0057596-t001){ref-type="table"}.](pone.0057596.g001){#pone-0057596-g001}

![T1 MRI superimposition showing the cluster of voxels in the superior temporal gyrus (BA 38) in which 18F-FDG uptake was significantly higher at PET0 (n = 8) as compared to PET1 (n = 8) (on the left sagittal and on the right coronal projections).\
Coordinates and regional details are presented in [Table 1](#pone-0057596-t001){ref-type="table"}.](pone.0057596.g002){#pone-0057596-g002}

As compared to PET0, patients at PET1 showed a significantly increased glucose metabolism in bilateral somatosensory associative (BA 5) in bilateral parietal (BA7, 40) and bilateral visual (BAs 17, 18, 19) cortices ([Table 1](#pone-0057596-t001){ref-type="table"}).

In the comparison with healthy volunteers PET0 patients showed a significantly reduced glucose metabolism in bilateral visual (BAs 17, 18, 19), bilateral parietal (BA 7) and in left primary somatosensory (BA 2) cortices. In the opposite comparison a significantly increased glucose metabolism in right superior temporal gyrus (BA 38) and in left posterior insular cortex (BA 13) was found ([Table 2](#pone-0057596-t002){ref-type="table"}).

10.1371/journal.pone.0057596.t002

###### Numerical results of SPM comparisons between ^18^F-FDG uptake in CG (n = 30) and PET0 (n = 8).

![](pone.0057596.t002){#pone-0057596-t002-2}

  Comparison       Cluster level   Voxel level                                                       
  --------------- --------------- ------------- --- ------ --------------- ------------------------- ----
  **CG - PET0**        22280          0.000      L   5.22   −22, −92, −16       Fusiform Gyrus        18
                                                 L   4.68    −22, −86,34            Cuneus            19
                                                 R   4.60   22, −94, −14        Fusiform Gyrus        18
                                                 R   4.60    16, −95, −4            Cuneus            17
                                                 R   4.58    28, −73,50            Precuneus          7
                                                 R   4.49    12, −86,37             Cuneus            19
                                                 L   4.20    −2, −65,53            Precuneus          7
                                                 L   3.89    −51, −27,51       Postcentral Gyrus      2
  **PET0 - CG**        1032           0.03       R   3.88     38,7, −21     Superior Temporal Gyrus   38
                                                 L   3.29    −40,1, −12        Posterior Insula       13

A value of p≤0.05, corrected for multiple comparison at cluster level, was accepted as statistically significant. In the 'cluster level' section on left, the number of voxels, the corrected p value of significance and the cortical region where the voxel is found, are all reported for each significant cluster. In the 'voxel level' section, all of the coordinates of the correlation sites (with the Z-score of the maximum correlation point), the corresponding cortical region and BA are reported for each significant cluster. L, left; R, right; BA, Brodmann's area. In the case that the maximum correlation is achieved outside the grey matter, the nearest grey matter (within a range of 3 mm) is indicated with the corresponding BA.

No statistically significant differences were found when patients at PET1 were compared to healthy volunteers.

Questionnaires {#s3b}
--------------

Direct t-test comparisons between the subjective scores at PET0 and PET1 showed a decrease of Balance disorders (t(7) = 4.2488, p\<0.01), Anxiety (t(7) = 44.0870, p\<0.01) and Depersonalization/Derealization (t(7) = 151.5142, p\<0.01) scores ([Figure 3](#pone-0057596-g003){ref-type="fig"}).

![Mean and standard deviations of patients scores in the questionnaires on Balance (Gomez-Alvarez and Jauregui-Renaud, 2011), Anxiety (Zung, 1971), and Depersonalization/Derealization scales (Dep/Der, Cox and Swinson, 2002) at PET0 and PET1.](pone.0057596.g003){#pone-0057596-g003}

The correlation analyses resulted in significant (p\<0.05) negative correlations between the metabolism in the cluster (comprising mainly visual and parietal regions) resulting from the difference between PET1 and PET0 (hypometabolism during the acute phase of VN) and the scores of DD (r = −0.63), Balance (r = −0.55) and Anxiety (r = −0.62). Significant positive correlations were found only between the metabolism in the clusters (comprising parahippocampal, temporal and anterior cingulate regions) resulting from the differences between PET0 and PET1 (hypermetabolism in the acute phase of VN) and DD (r = 0.51) while the correlation with Zung and Gomez scores resulted not significant (r = 0.44, r = 0.17 respectively).

Changes at PET1 in the cluster of voxel comprising mainly visual and parietal regions and significantly hypometabolic at PET0 showed an inverse trend as compared to the neuropsychological tests scores ([Figure 4A](#pone-0057596-g004){ref-type="fig"}). Conversely in the cluster including voxels from parahippocampal, temporal and anterior cingulate regions metabolism normalized at PET1 showing changes concordant with the neuropsychological tests scores ([Figure 4B](#pone-0057596-g004){ref-type="fig"}).

![Hystogram showing the values of the three tests scores and the metabolism in the cluster of voxels showing statistically significant hypometabolism at PET0 as compared to PET1 (A) and viceversa (B).\
The mean of glucose metabolism values in the eight patients are expressed as percent of the values found in cerebellum.](pone.0057596.g004){#pone-0057596-g004}

Discussion {#s4}
==========

The vestibular, visual and somatosensory systems jointly perceive the spatial orientation of the human body and coordinate the processes that play a role in bringing about this orientation. It is generally accepted that this function can be ascribed to a complex network of cortical and subcortical regions that continuously process afferent inputs, with one or another element of the network possibly predominating [@pone.0057596-Guldin1].

A number of animal experiments have been performed to identify elements of such network. As a result, areas with vestibular afferentation have been found in the parietal and temporal regions of primates [@pone.0057596-Grusser1], [@pone.0057596-Grusser2].

In contrast to the accurate knowledge of the cortical representation of vestibular system resulting from electrophysiological animal studies, human data need further investigation. Functional brain activation studies over the last 20 years described the presence of separate and distinct cortical areas responsible for central processing of peripheral vestibular information [@pone.0057596-Friberg1]--[@pone.0057596-Bottini1], [@pone.0057596-zuEulenburg1], [@pone.0057596-zuEulenburg2], [@pone.0057596-Guldin1]--[@pone.0057596-Schlindwein1], and reported their activation and interactions with other sensory modalities and the changes of this network associated to strategic peripheral or central vestibular lesions [@pone.0057596-Bense2]--[@pone.0057596-Helmchen1], [@pone.0057596-Alessandrini2], [@pone.0057596-Brandt1].

It is already known that cortical changes induced by acute unilateral vestibular failure are various, elaborate and undergo variations over time, revealing different cortical involved areas at the onset and recovery of symptoms [@pone.0057596-Bense2]--[@pone.0057596-Helmchen1], [@pone.0057596-Alessandrini2], [@pone.0057596-Brandt1].

Our findings on cortical involvement during vestibular neuritis included a higher regional cerebral glucose metabolism (rCGM) in Subcallosal (BA 25), Rectal (BA 11), Inferior Frontal Gyrus (BA 47) and Posterior Insular Cortex (BA 13), as well as lower rCGM in Precuneus (BA 7), Inferior Parietal Lobule (BA 40), Somatosensory (BAs 2, 5) and Visual (BAs 17, 18, 19) cortices.

As the above-mentioned cortical areas and their role during VN have been already reported and discussed in previous studies [@pone.0057596-Bense2]--[@pone.0057596-Helmchen1], [@pone.0057596-Brandt1], we focus our discussion on the rCGM increase in two cortical regions that have never been reported in the pertinent literature: i) the Entorhinal Cortex (BAs 28, 34), when comparing PET0 to PET1 patients, and ii) the Superior Temporal Gyrus, in particular BA 38, when comparing PET0 to both PET1 and CG patients ([Table 1](#pone-0057596-t001){ref-type="table"} and [2](#pone-0057596-t002){ref-type="table"}).

Own Body Orientation Re-encoding in the Entorhinal Cortex during Vertigo Onset in VN {#s4a}
------------------------------------------------------------------------------------

Many studies showed that the Entorhinal Cortex (EC) contains a topographically organized map of the spatial environment that indicates whether the animal is positioned at one of various equally spaced locations, the orientation and distance to the environment's walls and the location's relative position along a common type of route. Moreover the EC works in strong connection with the hippocampus, its major output, in coding spatial navigation and spatial memory [@pone.0057596-Hafting1]--[@pone.0057596-Jacobs1]. In particular it is suggested that while hippocampal *place cells* code and maintain in memory the location of specific landmarks in space, *path cells* in the EC code the direction of one's own movements in the environment (regardless his/her actual position in space) providing the hippocampus with the needed information to compute changes in one's own position in space [@pone.0057596-Jacobs1]. Jacobs and colleagues [@pone.0057596-Jacobs1] intracranially recorded EC and hippocampal cells and reported that segregated EC *path cells* discharge continuously when individuals follow a clockwise or counter clockwise direction of movement navigating in a virtual environment while hippocampal *place cells* only discharge when the individuals reach specific location along the path and when they are facing a certain direction [@pone.0057596-Jacobs1].

According to theoretical models [@pone.0057596-Parron1] the EC contributes to spatial processing and integrates geometric properties and information from the environment storing them as a durable allocentric representation in the brain. This information is used for path integration and navigation [@pone.0057596-Fyhn1] in which animals or humans integrate self-movement cues (i.e., vestibular information) to locate their current position. In fact, lesions to this region determine impairment of navigation and produce a deficit in spatial memory [@pone.0057596-Parron1], [@pone.0057596-Nagahara1].

The EC receives inputs from the vestibular system and represents the major input to the hippocampus [@pone.0057596-Jacobs1]. The circuitry between vestibular system, EC and hippocampus as well as its role during early phases of VN symptoms may explain the present results. It has been shown, for example, that a loss of vestibular inflow is reflected in an hippocampal atrophy [@pone.0057596-Hartley1] and that temporal inactivation of vestibular system resulted in a disruption of location-specific firing in hippocampal *place cells* [@pone.0057596-Maguire1]. The vestibular influence on hippocampal spatial representation was also demonstrated by many functional imaging studies in which vestibular stimulation [@pone.0057596-Vitte1] as well as imagined locomotion [@pone.0057596-Jahn1] and virtual navigation [@pone.0057596-Maguire2]--[@pone.0057596-Brandt2] provoked activation of right hippocampus. Moreover, Maguire et al. [@pone.0057596-Maguire2] reported an activation of right hippocampal and parahippocampal temporal regions when patients were unable to construct an internal spatial map of environment during topographical navigation.

As regards to the above-mentioned findings, we hypothesize that the found EC activation ([Figure 1](#pone-0057596-g001){ref-type="fig"}), only during the acute phase of VN, may be ascribed to the physiological role of this region in attempting to reorganize one's own orientation in space, as a response to vertigo which causes an unexpected alteration of vestibular information that impairs one's own orientation in space. Patients' subjective scores concerning balance impairments at the early phase of vertigo onset would suggest this interpretation also. In fact, while patients reported high values of balance problems when responding to the balance questionnaire at PET0, they showed a remarkable decrease of such problems at PET1.

Thus, the EC may represent a key node in processing spatial information between the vestibular system (and other sensorimotor connected structures) and the hippocampus [@pone.0057596-Hartley1], [@pone.0057596-Maguire1]. For example, *place-cells* and *head-direction cells* in the hippocampal and parahippocampal cortices need information from the vestibular system, which may be matched in the EC where information about one's own actual position in space (context-independent, vestibular and EC) is reorganized in terms of an external frame of reference (context-dependent, hippocampus) [@pone.0057596-Hafting1]. The physiologic behavior of EC cells is to increase their firing rate during the first minutes of exposure to a novel environment and to stabilize their firing rate thereafter in order to develop a rapid independency from the context. Hafting et al. [@pone.0057596-Hafting1] have proposed that the firing properties of the "grid cells" in the EC allow the computation of a continuously updated metric representation of the person's location. During the early phase of vestibular neuritis, information from the vestibular system was degraded and did not allow a stabilization of these computations (and the consequent reduction of neuronal activity) as the subject would need to update its own location in space moment-by-moment resulting at the cortical level in an activation of EC that was showed at PET0. Crucially, EC cells respond differently to clockwise and counter-clockwise virtual directions of human walking paths [@pone.0057596-Jacobs1] that may be considered similar to those induced by vertigo. The present findings well suite with the idea that EC neurons (path cell) encodes a perceptual, spatial or cognitive attribute of the current behavioral context. These findings support the view that the EC plays a pivotal role in memory formation because EC neurons encode the attributes of the current context that are subsequently stored by the hippocampus as memories [@pone.0057596-Jacobs1].

Early Emotional Response to Vertigo in BA 38 {#s4b}
--------------------------------------------

The BA38, located in the Superior Temporal Gyrus, was originally described by Smith, in 1907, as temporopolar cortex (TPC), then by Brodmann, in1909, as area 38, and, in 1925, by von Economo and Koskinas as area TG of von Economo and Koskinas (TG). The extent of the cortex lining this area is still and often inaccurate in functional neuroimaging studies [@pone.0057596-Blaizot1].

The BA38, the most rostral portion of the human temporal lobe, has been implicated in different affective and cognitive functions such as emotion, attention, behavior regulation and memory as it is showed by the "psychic blindness" of Klüver--Bucy syndrome, due to ablation of the anterior temporal lobe; by herpetic meningoencephalitis with bilateral damage of the temporal lobes and especially of the BA 38; by neurodegenerative diseases such as Pick\'s disease with an important neuronal loss; in schizophrenia, especially in deficit schizophrenia and in frontal-temporal dementia [@pone.0057596-Blaizot1]--[@pone.0057596-Olson1]. The BA 38 has been studied in several experiments using PET and fMRI confirming both its involvement in different cognitive processes especially in semantic memory - Alzheimer disease declarative memory affection is associated to an atrophy of the BA 38 - in face and name recognition and in emotion processing [@pone.0057596-Blaizot1], [@pone.0057596-Corkin1]--[@pone.0057596-Rankin1]. The BA 38 also seems to play an important role in coding emotional saliency after presentation of stimuli from various modalities such as olfactory, visual and auditory inputs to subjects and is thought to act within a neural network including the orbitofrontal cortex and the superior frontal gyrus (and the amygdalae) that would allow it to process information from the three sensory modalities taken together [@pone.0057596-Royet1], [@pone.0057596-Zald1].

As it has been showed that impairment of BA38 (i.e. due to viral damage, cortical ablation in epileptic patients, neurodegenerative disease) induces a lack of emotional responsiveness, it can be hypothesized that the activation of BA38 may be associated also to severe vertigo that would trigger an emotional response [@pone.0057596-Blaizot1]--[@pone.0057596-Dolan1], [@pone.0057596-Royet1], [@pone.0057596-Zald1].

The activation of BA38 we report in the contrasts PET0 versus both PET1 patients ([Figure 2](#pone-0057596-g002){ref-type="fig"}) and CG subjects suggests that this pattern is a peculiar feature of the early phase of VN which disappears within one month as the acute symptoms fade away. Thus, we suggest that this activation is the cortical representation of the emotional component related to the vertigo symptom. This interpretation was further supported by the changes in patients' scores in the anxiety and depersonalization/derealisation scales between vertigo onset and 1 month later. In fact, it is a common clinical observation that during the early phase of vertigo onset, patients experience some discomforts as panic, the fear of death and the absence of mental landmarks [@pone.0057596-Pollak1], [@pone.0057596-Tschan1]. Interestingly, the activation of BA38 only on the right side aligns with the emotional asymmetry theory positing that the right hemisphere may be dominant over the left one in emotional processing [@pone.0057596-Davidson1], [@pone.0057596-Cope1].

Correlational Analyses {#s4c}
----------------------

Although the small sample size limits the power of a correlational approach, we run exploratory correlation analyses between the relative metabolic uptake at PET0, PET1 and the scores in the DD, Balance and Anxiety tests measured at PET0 and PET1. The correlation analyses showed an inverse relationship between the cluster resulting from the difference between PET1 and PET0 (hypometabolism during the acute phase of VN) and the scores of the DD, Balance and Anxiety scales ([Fig. 4A](#pone-0057596-g004){ref-type="fig"}). Conversely, a positive relationship was found between the activity of the two clusters resulting from the differences between PET0 and PET1 (hypermetabolism in the acute phase of VN) and the DD scale with a concordant trend also for Balance and Anxiety scales ([Fig. 4B](#pone-0057596-g004){ref-type="fig"}).

The negative correlation between DD, Balance and Anxiety and the hypometabolism at PET0 (i.e. in the acute phase of VN) suggests that a freezing in the metabolism of visual (BAs 17, 18, 19) and somatosensory (BAs 5, 7) associative cortices during disease onset was associated to a decrease of all DD, Balance and Anxiety scores. Such a metabolic response might represent an early attempt to reduce the distressing "false" primary vestibular signal [@pone.0057596-Bense2] which may be at the neural base of the increase in DD, Balance and Anxiety scores.

Conversely, the positive correlation between the hypermetabolism at PET0 and the DD score in the cluster comprising the enthorinal (BAs 28, 34), temporal (BAs 38) and inferior-frontal cortices (BAs 11, 25 and 47) may suggest that the increase of metabolisms in these regions underpinned an increase in the perception of depersonalization symptoms during disease onset.

Limitations {#s4d}
-----------

Although the results of the present study are in line with previous literature, a possible limitation of the study is the small sample size increasing the likelihood of Type II statistical errors and reducing the statistical power of the analyses. However, vestibular patients, due to the very severe symptomatology, often refused or delayed PET examination due to the discomfort to lie still in the gantry, which, together with the relative high costs of the PET/CT methodology, makes the recruitment of an inadequate number of subjects to be investigated a common limitation in functional neuroimaging studies.

We are aware that the use of a control group of subjects with a negative PET is a suboptimal solution with respect to a group of healthy volunteers. However, we would like to underline that the control group was specifically set up for this study and the same protocol and scanner were used both for patients and controls. This is of utmost importance in neuroimaging studies where the number of potential confounding variables has to be reduced to the least. The decision to use a sample of individuals with a negative PET as a control group is often due to the extremely high costs necessary to build up such cohort of subjects. Furthermore, the stringent exclusion criteria were the same ones applied in previous investigations [@pone.0057596-Pagani1], [@pone.0057596-Nobili1]. On the other hand, including as a control group neurologically normal subjects undergoing PET scan for other reasons prevents healthy individuals to be exposed to radiations and makes the technology available to most PET centers without facing the costs and the efforts necessary to build up control groups made of completely healthy subjects [@pone.0057596-DelSole1].

Conclusions {#s4e}
-----------

By using FDG-PET, we showed an early involvement of EC and BA 38 in VN for the first time. We suggest that these results were not found by previous studies because our patients have been investigated in an earlier phase of symptoms onset (about two days instead of six days), when the own body spatial orientation impairments and emotional disturbances are very severe. This interpretation is further supported by the pattern of results concerning patients' increased balance problems and anxiety levels at early stages of VN onset.

Brain functional imaging studies have not yet completely described the intricate map of cortical areas involved during vestibular failures (as those occurring in VN) and this neural network may thus be appointed as the "puzzle of vestibular cortical representation". We believe that our findings represent a further "piece of the puzzle" and may help describing and understanding the temporal dynamics of the cortical adaptation to the symptoms associated to vestibular impairment.
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